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Translocation Mechanism of Long Sugar Chains
across the Maltoporin Membrane Channel
specific porins [7, 8] such as maltoporin, which is coded
for by the mal-regulon [9] and is permeable to maltose
and longer maltodextrin sugars composed of1-4 linked
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Biozentrum glucosyl chains. The binding affinity of maltodextrins to
maltoporin increases with increasing chain length [10],University of Basel
CH-4056 Basel while the permeation rate decreases for longer malto-
dextrins [7, 11]. There is a high energy cost associatedSwitzerland
2 Laboratoire de Chimie Biophysique with desolvating a polar sugar and crossing the nonpolar
interior of a membrane. Maltoporin provides the glucosylInstitut Le Bel
Universite´ Louis Pasteur units with tight binding sites within the pore. This lowers
the energy of the sugar halfway across the membrane,67000 Strasbourg
France thus enhancing the local maltodextrin concentration,
and allows for substrate specificity by excluding larger3 Department of Chemistry and Chemical Biology
Harvard University or less elongated compounds. In facilitating the translo-
cation, maltoporin has to reconcile two conflicting ob-Cambridge, Massachusetts 02138
4 IWR-Biocomputing jectives: (1) tightly binding the sugar in the pore and (2)
facilitating the motion of the sugar chain through theUniversita¨t Heidelberg
69120 Heidelberg pore. In the present study, we show how maltoporin
achieves this by the creation of a delocalized bindingGermany
site, which allows relatively free diffusion of the malto-
dextrin chain along the pore while maintaining strong
interactions.
Summary The structures of maltoporin and of various malto-
porin/sugar complexes [12–15] have been determined
Maltoporin allows permeation of long maltodextrin by X-ray crystallography. The protein is a homotrimer
chains. It tightly binds the amphiphilic sugar, offering of three  barrels, each barrel forming a separate pore
both hydrophobic interactions with a helical lane of (Figure 1A). The pore is constricted half way through
aromatic residues and H bonds with ionic side chains. the membrane by three loops. This confers an hour-
The minimum-energy path of maltohexaose transloca- glass-like shape to the lumen of the pore, which has a
tion is obtained by the conjugate peak refinement diameter of only 5 A˚ at the constriction site. Six aromatic
method, which optimizes a continuous string of con- residues on one side of the pore lining form a continuous
formers without applying constraints. This reveals that apolar and helically shaped surface that has been re-
the protein is passive while the sugar glides screw- ferred to as the “greasy slide” [13]. At the pore constric-
like along the aromatic lane. Near instant switching of tion, the greasy slide is framed by two “ionic tracks”
sugar hydroxyl H bond partners results in two small (Figure 2A) composed of acidic and basic residues. Mal-
energy barriers (of 4 kcal/mol each) during register todextrins bind with defined polarity (O4 toward the per-
shift by one glucosyl unit, in agreement with a kinetic iplasm) at the pore constriction. The protein does not
analysis of experimental dissociation rates for varying exhibit significant structural changes upon binding of
sugar chain lengths. Thus, maltoporin functions like maltohexaose, the sugar retaining the helical conforma-
an efficient translocation “enzyme,” and the slow rate tion it has in solution (Figure 1B) [12]. Three consecutive
of the register shift (1/ms) is due to high collisional glucosyl moieties (labeled g2, g3, and g4) are bound
friction. tightly to the protein (to binding subsites called S2, S3,
and S4, respectively), excluding water from the pore.
The apolar pyranose rings constitute the external faceIntroduction
of the helical sugar ribbon and pack against the greasy
slide. The equatorial hydroxyl groups constitute theGram-negative bacteria are enclosed by an inner and an
edges of the sugar ribbon and make many H bonds withouter membrane. Whereas transport through the inner
the ionic tracks. The remaining glucosyl moities of themembrane is accomplished by active transporters [1],
sugar tails are disordered and protrude into the water-the passage across the outer membrane occurs by pas-
filled vestibules of the channel.sive diffusion through porin channels [2–6]. Nonspecific
The translocation of the sugar chain through the poreporins (e.g., the matrix porin OmpF) allow the uptake of
can be divided conceptually into three steps: (1) “thread-ions and small molecules up to a size of about 600
ing,” (2) a succession of “register shifts,” and (3) “es-Da. Certain larger solutes are translocated by solute-
cape.” During threading, the maltodextrin goes from the
aqueous solution into the binding site of the pore. Most5 Correspondence: stefan.fischer@iwr.uni-heidelberg.de (S.F.), marci@
entropy changes can be expected to occur during thistammy.harvard.edu (M.K.)
6 Present address: Laboratory of Molecular Neurobiology and Bio-
physics, The Rockefeller University, 1230 York Avenue, New York, Key words: CPR; maltodextrins; permeation; reaction path; register
shiftNew York 10021.
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Figure 1. Structure of Maltoporin and Malto-
hexaose
(A) One maltoporin monomer (shown as a rib-
bon) is viewed from the plane of the mem-
brane with the cell exterior at the top and the
periplasmic space at the bottom. Part of the
 barrel structure has been clipped off for
clarity. Maltohexaose is bound at the pore
constriction in a helical fashion. The major
glucosyl binding subsites of the protein are
called S2, S3, and S4. The six glucosyl moie-
ties are numbered g0–g5. Five of them (g1–
g5) are shown in van der Waals representa-
tion for the product conformation, with g2
(highlighted in cyan) binding to subsite S3.
Tyr118 constricts the pore at S3 and is
attached to loop L3, colored in red. Also
shown are the aromatic residues that consti-
tute the greasy slide: Trp74 (attached to loop
L2 of the neighboring monomer, in blue),
Tyr41, Tyr6, Trp420, Trp358, and Phe227.
(B) Stereoview of an energy-minimized struc-
ture of unbound maltodextrin. The sugar
forms a left-handed helix, which is stabilized
by H bonds between hydroxyls O2H and O3 H
of adjacent sugar residues. The upper edge
of the sugar ribbon carries hydroxyls O2H and
O3 H (2,3 edge), the lower edge carries the
methoxyl groups C6 O6 H (6 edge).
step, as the sugar loses degrees of freedom and is question whether the process is diffusive over several
small energy barriers or thermally activated over a singledesolvated, while the water molecules inside the pore
are displaced. The register shift describes the displace- high barrier. To address these questions, the molecular
kinematics of the register shift are determined with thement of the bound maltodextrin chain toward the per-
iplasm as it moves by one glucosyl unit, shifting each conjugate peak refinement (CPR) method [16], which
has allowed the study of a number of complex reactionsglucosyl moiety from one binding subsite to the next
(Figure 2B). Finally, after a succession of register shifts, in proteins [17–21].
The low-energy reactant and product conformationsthe sugar escapes from the binding site into the periplas-
mic space in a process that is essentially the reverse of of the register shift can be thought to be located at the
bottom of two “basins” on a surface representing thethreading. Upon a register shift of maltodextrins longer
than three glucosyl units, the sugar remains tightly energy landscape of the protein/sugar complex. The
path that connects these two basins by traveling alongbound to the protein, and the glucosyl moieties moving
into (and respectively out of) the first (and last) binding the “valleys” of the surface and going over the “passes”
(which are saddle points on the surface and correspondsubsite are desolvated (and resolvated) so that the free
energy is essentially invariant. Thus, the reactant and to the transition states) is commonly referred to as the
minimum energy path, also known as the intrinsic pathproduct conformations of a register shift are equivalent
(except for the disordered sugar tails) and successive (because it is close to the average over the most proba-
ble paths). The CPR algorithm finds a series of confor-register shifts are repetitions of the same process. Here,
we chose to look at the register shift of maltohexaose mations that closely follows this path, without applying
any constraint to drive the reaction. It does so by adding(Glc6), to insure that both tails of the bound sugar extend
into the solvent region. a sufficient number of intermediate conformations and
optimizing them until they lie in the valleys and untilSeveral aspects of the mechanism of the register shift
are not fully understood. First, the influence of the aro- the highest energy conformers coincide with the saddle
points. Because no artificial strain is created, CPR yieldsmatic lane on the permeation rate has been debated.
Second, it is unclear how the protein reconciles the meaningful and easily interpretable energy barriers along
the path. The latter is what distinguishes CPR from otherrepeated breaking of very strong H bonds with efficient
translocation. Finally, the experimental rate of transloca- methods for determining pathways such as Morph [22]
or adiabatic coordinate driving, where the transitiontion is slow, on the millisecond time scale, raising the
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Figure 2. The Register Shift of Maltohexaose
(A) Superposition of three conformations
along the path. They correspond to values of
the reaction coordinate   0.0, 0.39, and
0.78 ( is defined in the caption of Figure 3),
for which the sugar is colored in orange, yel-
low, and white, respectively. The stereo view
is rotated with respect to the view in Figure
1A, so that the greasy slide is in the back and
the ionic tracks are on the left and right side
(protein side chains are colored in green).
(B) Schematic drawing of the reactant and
product states. The linear polyglucose sac-
charide moves by one glucosyl unit toward
the periplasm. Glucosyl binding subsites of
the protein are labeled S2, S3, and S4. The
conformation of a glucosyl moiety that is
bound to a given subsite is the same in the
reactant and product state.
states are not identified reliably and thus the energy of low barriers) rather than activated (high barrier re-
sulting in a single rate-limiting step).barriers along the paths are not known, which makes it
impossible to assess the probability of such paths. The
resulting intrinsic path yields a smooth “movie” (hence Results and Discussion
the term molecular kinematics) of the register shift. Even
though every atom is allowed to move independently, Sugar Binding
A large, unfavorable change in the solvation free energyit shows only the motions that are essential to the transi-
tion, unlike the trajectories created by other methods occurs upon binding of the sugar to maltoporin, due to
the desolvation of both the polar sugar and the ionicused to accelerate slow conformational changes, such
as targeted molecular dynamics. residues in the pore. Using a continuum model for the
solvent, this change is computed to be 96  6 kcal/In the case of maltoporin, this reveals that the sugar
chain maintains its helical shape as it glides in a screw- mol for maltohexaose (see W in Experimental Proce-
dures). For binding to occur, this must be compensatedlike motion along the aromatic lane, whose interaction
energy with the sugar varies little. The hydroxyls on the by interactions between the bound sugar and the pro-
tein. Indeed, the electrostatic energy of interactionedge of the sugar undergo many torsional transitions,
alternating between H bonds to the sugar and to the (computed without truncation) between maltohexaose
and the protein favors binding by 113  14 kcal/molprotein, switching partners nearly instantly.
This fast relay of H bonds avoids large energy barriers. (averaged over different conformers). Combining these
two numbers, the net binding free energy at room tem-Thus, the translocation process is diffusive (succession
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perature can be estimated with the following assump-
tions: (1) there are four energetically equivalent ways for
maltohexaose to bind with three tightly bound glucosyls;
(2) the free energy change associated with losing the
translational and rotational degrees of freedom of the
sugar is on the order of15 kcal/mol (a value commonly
found for ligand binding [23, 24]); and (3) the difference
between water and protein van der Waals interactions
with the sugar are neglected. This yields (96  113 
kTln4  15) kcal/mol  2.8  20 kcal/mol, which is
comparable to the experimental binding energy of 5.7
kcal/mol [10]. This agreement is partly accidental, be-
cause the calculated binding energy results from the
cancellation of two large numbers that are both approxi-
mate. However, the sugar/protein interaction energy is
of the right magnitude (i.e., it compensates the desolva-
tion energy), which indicates that the potential energy
function used in our model is appropriate.
The Energy Profile of the Register Shift
The minimum-energy path involved in one register shift
of maltohexaose inside maltoporin was found with the
CPR algorithm (see Experimental Procedures). Path cal-
culations were performed with different reactant and
product conformations of the sugar to explore the influ-
ence from the orientation of the hydroxyls of glucosyl
g1 and of the methoxy group of glucosyl g2. The path
described here was chosen for the following reasons:
(1) its reactant and product states are in a conformation
that is closest to the crystal structure. (2) They have the
globally lowest energy relative to all other end-state
conformations that were tested. (3) This path has the
lowest rate limiting energy barrier, which is the energy
difference between the highest transition state along
the path and the reactant. This is particularly meaningful
in view of the fact that its reactant is globally low in
energy, which ensures that the low barrier is not simply
the result from a poor (high-energy) reactant but really
from a good (low-energy) transition state. (4) The two
next best paths have rate-limiting barriers that are re-
spectively 1.4 and 2.5 kcal/mol higher, which means
that the register shift is about 10–100 times less likely
to follow these paths (if only enthalpic differences are
considered, an assumption that revealed itself to be
reasonable a posteriori; see below).
Figure 3. Energy Profile along the Register Shift
An impression of the motion of the sugar during the
The reaction coordinate  is the integral of all conformational
register shift can be obtained from Figure 2A, where changes (measured as rms difference) up to a given point along the
successive “frames” of the path are superposed (a full path [17]. It measures the motion of the sugar from its position
animation is available at http://www.iwr.uni-heidelberg. in the reactant (  0.0) to its position in the product (  1.0,
normalized).de/iwr/biocomp/fischer). The protein plays the role of
(A) There are two rate-limiting barriers (at   0.15 and   0.82) inan essentially passive binding matrix during transloca-
the total energy (x-x), which is composed of the three followingtion, as evidenced by the small rms deviations of individ-
terms: the sugar self energy (•••), the protein self-energy (- -) and
ual protein residues relative to the reactant (maximally the protein/sugar interactions (___).
0.5 A˚). The sugar moves along the helical greasy slide (B) Decomposition of the sugar self-energy into contributions from
in a screw-like motion, during which the helical confor- the 2,3 edge (___), from the 6 edge (•••), and from the rest of the sugar
(---).mation of the maltodextrin chain is maintained. The only
(C) Contributions to the sugar/protein interactions from the greasytransitions of torsion angles occur on the sugar hydrox-
slide (•••), from the left (___) and right (---) ionic tracks, and from theyls. This absence of conformational perturbation of the
rest of the protein (-·-).protein and the sugar suggests that the entropy changes
associated with such perturbations are small along the
The total potential energy along the path has severalpath. This means that the enthalpic term is likely to be
small barriers, two of which are rate limiting with equiva-the dominant contribution to the changes in free energy
during the register shift. lent barriers of approximately 4 kcal/mol each (see Fig-
Translocation of Sugar Chains across Maltoporin
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Figure 4. Behavior of the Sugar along the
Register Shift
(A) Interaction energy between the protein
and individual glucosyl moieties, shown in
side-by-side panels for glucosyls g1–g4. Only
interactions with the greasy slide (___) and with
the left (-·-) and right (---) ionic tracks are
plotted. The location of the protein binding
subsites S2, S3, and S4 is indicated. g1
moves from the extracellular side into subsite
S2 and g4 from S4 to the periplasmic space.
Glucosyl gi in the product state is nearly
equivalent to glucosyl gi1 in the reactant
state. The consecutive panels illustrate the
interactions felt by a single glucosyl moiety
traversing the pore in four successive register
shifts. The slight discontinuity of the left-track
curve at S3 and S4 arises because the
charges of glucosyl g3 are scaled down less
than its neighbors g2 and g4 (see Experimen-
tal Procedures), so that its interactions with
the protein appears as more favorable.
(B) Conformational changes of hydroxyls O2 H
and O3 H of glucosyls g1 to g4 along the path.
The dihedral angles are defined by atoms C1-
C2 -O2 -H and C2 -C3 -O3-H, respectively. t 
180	 is the trans conformation. g  300	 is
the gauche conformation.
ure 3A). Decomposition of the total energy shows a large dominant barrier, but must be analyzed with a kinetic
model. This is described in a subsequent section.increase in the sugar self-energy along most of the path
due to the disruption of H bonds among sugar hydroxyl The relative magnitude of the glucosyl/protein interac-
tion energy in each subsite correlates well with the de-groups, transiently reaching a value of nearly 15 kcal/
mol above the end states at  0.4. This is compensated creasing solvent exposure of glucosyls closer to the
center of the pore: 50% of the surface remains exposedby favorable interactions between the sugar and the
protein, which reach13 kcal/mol at  0.6. The fluctu- for the two outer glucosyls adjacent to subsites S2 or
S4, 20% for glucosyls in subsites S2 or S4, and 0% inations in the protein self-energy are small, confirming
the passive role of the protein. subsite S3. Therefore, a gradual increase in the desolva-
tion cost during the threading process is compensatedDue to the polar nature of the sugar and the channel,
their interaction is strong, as mentioned above. It is most by the increase in the favorable protein/sugar interac-
tions (Figure 4A). This is expected to result in a relativelyfavorable in subsite S3, halfway across the membrane,
and progressively weakens toward the two entrances smooth energy profile for the process of sugar entry (or
exit), so that like the register shift, the threading, andof the pore (Figure 4A). The interaction energies of a
glucosyl moiety in subsites S1, S2, S3, S4, and S5 escape sequences are likely to have low activation barri-
ers, which further would favor efficient permeation.are 5, 16, 43, 30, and 13 kcal/mol, respectively
(a negative energy denotes a favorable interaction). Even
though these interaction energies differ significantly, the Intrasugar Interactions
In this and the following section, the dominant energytotal binding energy remains rather constant during the
register shift, because as one glucosyl moves out of a terms involved in the register shift are described in de-
tail. First, the intramolecular energy of the sugar is ana-binding subsite, it is replaced by another. As a result of
this compensation and the compensation between in- lyzed. Maltodextrin molecules in solution form H bonds
between Hydroxyls O2 H and O3 H of adjacent glucosylter- and intramolecular interactions with the sugar (dis-
cussed in the following sections), the total energy does residues, thus stabilizing the left-handed helical confor-
mation of the sugar chain. In the unbound minimum-not exhibit a large dominant barrier, but displays a suc-
cession of small hills as described above (Figure 3A). energy conformation, all hydroxyl hydrogens have their
torsion angles in trans and point toward the same endBecause these hills do not significantly exceed the ther-
mal energy (kT 0.6 kcal/mol at room temperature), the of the sugar (see Figure 1B), with their electrical dipoles
optimally aligned. Therefore, the cost of rotating a singleregister shift is not an activated process, but can be
considered as a hindered diffusive process. The rate of hydroxyl away from trans is considerable, even in the
presence of solvent: using the continuum representationcrossing several small barriers cannot be analyzed in
terms of the usual Eyring rate law for crossing a single for the solvent (see Experimental Procedures), the en-
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Figure 5. H Bonding between the Sugar and the Left Ionic Track, at Successive Stages
(A) Stereo view of the reactant state (  0). The carbons of the sugar are colored in yellow (cyan for the glucosyl occupying subsite S3) .
The left ionic track (carbons in green) consists of an H bond donor lane (Arg8, Arg33, and His113) and acceptor lane (Asp116, Asp111, and
a bridging crystal water).
(B–D) Successive H bonds with the acceptor lane at stages   0.34,   0.81, and in the product (  1.0), respectively. H bonds are drawn
as thin lines.
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ergy of both gauche and gauche conformations for our results. Because the database of protein structures
does not contain many instances of extended sugarthe O2 H torsion is about 10 kcal/mol above the trans
state. For the O3 H torsion angle, torsion into gauche binding sites consisting of several aromatic residues, it
is difficult to establish a statistically meaningful distribu-costs 6 kcal/mol. Nevertheless, these unfavorable reori-
entations occur during the register shift, because they tion for this particular case.
Interactions with the Left Ionic Trackare driven by the formation of strong H bonds between
the sugar hydroxyls and charged acceptor residues of Residues of the “left ionic track” form H bonds with the
2,3 edge of glucosyls in subsite S3 and S4 (see Figurethe protein (as discussed in the next section).
Early in the process (
 0.1), hydroxyl O2 H of glucosyl 5A). The track is divided into two parallel lanes, a donor
lane and an acceptor lane. The donor lane interacts withg2 changes to the unfavorable gauche conformation
(Figure 4B), as it breaks its intrasugar H bond in ex- the oxygens on the 2,3 edge of the sugar. The helical
trajectory of these oxygens during the register shift ischange for interactions with the protein. This causes an
increase in the self-energy of the 2,3 edge (Figure 3B) uniquely determined by the conformation of the py-
ranose rings, which are maintained in the “chair” confor-and leads to the first energy barrier (Figure 3A). The
peak in the self-energy of the 2,3 edge at  0.75 occurs mation by the tight fit of the sugar in the helically shaped
binding site. The closely spaced groups of the donorfor the same reason, when hydroxyls O2 H and O3 H of
glucosyls g2 and g3 are transiently all in the gauche lane are positioned so that the sugar oxygens can
change H bond partners without interruption. In con-configuration. The peak in the self-energy of the “6 edge”
at   0.4 (Figure 3B) is due to a rotation around the trast, interaction with the acceptor lane requires a rota-
tion of the sugar hydroxyl hydrogen out of its optimalC5 -C6 bond of the C6 O6 H methoxy group of glucosyl
g2, as it goes from a gauche to a trans conformation trans conformation toward the gauche conformation,
as described above. The resulting sequence of intrato form H bonds to the “right ionic track” (see below).
To avoid this peak, other reactant conformations were and intermolecular H bonds is shown in Figures 5A–5D.
Hydroxyls O3 H of glucosyls g2 and g3 are alternatively Htried that allow the formation of these H bonds without
requiring the reorientation of the methoxy group, but bonded to the acceptor lane or to the adjacent glucosyl.
Hydroxyl O2 H of glucosyl g3 is always H bonded to somethe resulting trajectories had higher barriers (data not
shown). residue of the acceptor lane: as one H bond is broken,
another is formed nearly simultaneously (see Figure 6A).
The donor and acceptor groups are positioned to allow
Sugar/Protein Interactions the smooth relay of H bonds to the hydroxyls on the 2,3
The interactions of the sugar with the protein are strong- edge, as illustrated in Figure 6B. Thus, barriers that
est approximately halfway (  0.6) along the path (Fig- would be caused by the net loss of one of these strong
ure 3A); they are due mostly to favorable interactions and specific H bonds are avoided.
with the two ionic tracks (Figure 3C). In comparison, Interactions with the Right Ionic Track
changes in the interaction energy with the greasy slide Residues of the right ionic track (Figure 2A) interact with
and the remaining protein are small. Interactions along the 6 edge of glucosyls in subsites S2 and S3. The amino
the path with protein residues that have direct contact groups of Arg109 and the carboxyl oxygens of Glu43
with the sugar are discussed in this section. provide, respectively, H bond donors and acceptors to
Interactions with the Greasy Slide oxygen O6 and hydroxyl O6 H of the sugar in a way similar
The role of the greasy slide is to provide a hydrophobic to the donor and acceptor lanes of the left ionic track.
environment for the nonpolar part of the sugar pyranose The unfavorable rotation of the C6 O6 H methoxy-group
rings. The van der Waals interactions between the sugar of glucosyl g2 from gauche to trans (described above)
and the aromatic groups of the greasy slide are less is driven by the formation of two optimal H bonds with
directional than interactions between polar groups. that group: one donated by Arg109 and the other ac-
Moreover, the residues of the greasy slide form an es- cepted by Glu43. This leads to a more favorable interac-
sentially continuous surface along the pore. Thus, the tion with the right track upon going from   0.4 to 0.6,
interaction energy between these groups and the whole which is reflected in the decrease of the corresponding
sugar chain shows only minor fluctuations during the energy term in Figure 3C and translates into a decrease
register shift (1.5 kcal/mol; Figure 3C). This flat energy of similar magnitude in the sugar/protein energy (see
profile shows that the greasy slide does not hinder mo- Figure 3A).
tion along the channel and functions as an elongated
and nonspecific binding site for the hydrophobic moie-
ties of the sugar. This is confirmed when looking at the Interrupting the Ionic Tracks with a Point Mutation
Since the ionic tracks of maltoporin allow the uninter-interactions felt by a single glucosyl moiety as it travels
along the pore (Figure 4A), which display little change rupted propagation of the protein-sugar H bonds along
the solvent-excluded parts of the channel, an interrup-for interactions with the greasy slide (less than 3 kcal/
mol variation) in comparison with the ionic tracks. tion of the ionic tracks could lead to an increased energy
barrier for the register shift and a decreased rate ofA statistically based energy profile for the interactions
with the greasy slide had been derived from the distribu- translocation. In particular, replacement of one of the H
bond acceptors of the acceptor lane by an H bond donortion of glucosyl positions relative to aromatic groups
in known protein structures [25]. It showed a strong group would interfere with the propagation mechanism.
This was tested here by replacing the aspartate sidedependence of the energy on the positioning of the
glucosyls along the greasy slide, in disagreement with chain of residue 116 with an asparagine side chain in the
Structure
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Figure 7. Effect of the Asp116Asn Mutation on the Energy Profile
of the Register Shift
(A) Total energy of the mutant (____) or the wild-type (wt) (---).
(B) The relative difference E between the mutant and the wt is
plotted for two energy terms: the interaction energy of the sugar
with the left ionic track (____) and the self-energy of the 2,3 edge of
the sugar (---).
same conformation and repeating the path calculations.
Unexpectedly, the highest barriers on the resulting path
do not increase significantly (Figure 7A). One reason is
that the less favorable sugar/protein interactions due to
the Asp116Asn mutation occur halfway along the path
(  0.3–0.7), in a region where the total energy is low
for the wild-type. Even though the energy in this region
of the path is higher for the mutant than for the wild-type
as expected, this increase is not sufficient to introduce a
rate-limiting barrier. In addition, the weakened interac-
tions with the acceptor lane due to the lack of an H
bond are partly compensated by a more favorable sugar
self-energy, as seen from the anticorrelated evolution
of these two terms in Figure 7B. Consequently, this
mutation is not expected to significantly decrease the
rate of the register shift.
This result has been confirmed in a recent experimen-
tal study of several ionic track mutants of maltoporin
[26] in which the kinetic parameters of sugar binding
and the in vivo uptake rate of radio-labeled maltodextrin
have been determined. For the Asp116Asn mutant, the
in vitro association rate kon (i.e., threading) was found
reduced by a factor of about 80. In contrast, and consis-
tent with our results, the in vivo uptake rate of this mutant
Figure 6. Behavior of Hydroxyl O2 H of Glucosyl g3 was decreased by only two times under saturating sugar
(A) Interaction energy (___) with the three groups of the acceptor lane.
conditions (for which the uptake rate depends most onIt correlates with the absence (high dotted line) or presence (low
the rate of the register shift). In the same study, almostdotted line) of an H bond (criteria: H-O 
 2.4 A˚, angle O-H-O 
all mutations of the ionic track have shown a strong120	).
(B) Schematic propagation of a sugar hydroxyl between the two reduction in kon, whereas the apparent sugar dissocia-
lanes of the left ionic track (described in Figure 5A). tion rate koff was rather unaffected. All this suggests
Translocation of Sugar Chains across Maltoporin
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longer sugars (n  4; data not shown). Such a slow rateTable 1. Apparent Dissociation Time Constant (ms) off  1/koff
of barrier crossing is not realistic because it would befor a Series of Maltodextrins (Glcn)
slower than the experimental rate of escape of maltotri-
Sugar Length, n 3 4 5 6 7
ose (kesc  1/ms; see Experimental Procedures). Since
Experimentala 0.5 1.3 (0.22) 2.4 (0.6) 4.2 (0.9) 5.6 (1.6) escape of Glc3 needs three register shifts, each of which
Calculatedb involving some barrier crossing, its rate kesc can be ex-
m  1 0.5c 1.0 1.7 2.6 3.7 pected to be slower than k, the rate of a single barrier
m  2 0.5c 1.5 2.7 4.0 5.5
crossing. Consequently, a lower bound for k is given bym  3 0.5c 2.0 3.5 5.0 6.5
k kesc  1/ms. When obeying this boundary, the values
a From [11], standard deviations are in parentheses. of off obtained with m  1 are always smaller than theb The calculated off-rate koff is obtained from a kinetic model with m experimental dissociation times, as exemplified in Tablebarriers per register shift and a barrier crossing-rate k, see Experi-
1 for k  1/ms. (2) When the number of barriers is setmental Procedures. The values of k used here are k  1/ms for m 
to m  3 or larger, off is too large whatever the value1, k  5/ms for m  2, and k  ∞ for m  3
c For maltotriose, the calculated value equals the experimental value of k and cannot be brought into the experimental range
by definition, since kesc is set to 1/2koff[Glc3] in the kinetic model (see for the shorter sugars, even when letting the crossing
Experimental Procedures). rate k tend to infinity (see Table 1). The conclusion of
this kinetic analysis of the experimental data (details will
be published separately) is that the register shift involves
that evolution of maltoporin has not fully optimized the the crossing of two equivalent energy barriers. This is
register shift, which is therefore less sensitive to point consistent with the presence of the two rate-limiting
mutations (as indicated by our results), but rather, has barriers along the energy profile in Figure 3A (located
optimized overall uptake, which depends on both asso-   0.15 and   0.82), indicating that a correct path
ciation and the register shift. has been found and that the energy landscape was
adequate in the present molecular kinematics simula-
Kinetic Model of Translocation tions.
It is difficult to determine the experimental rate of the
register shift directly. Most kinetic data has been ob-
Hindered Diffusiontained from sugar binding-induced current-noise analy-
From the height of these two main barriers (E‡  4 sis. This method exploits the fact that sugar binding
1 kcal/mol in Figure 3A) and the crossing rate derivedblocks ion translocation, allowing kon and koff (defined in from the kinetic analysis (approximately k  5/ms), it isprevious section) to be derived from the analysis of ion-
possible to determine the preexponential rate factor A,current time courses. Using this technique, Benz and
to which they are related by k  A·exp(E‡/RT). Thiscoworkers have measured these kinetic parameters for
is interesting, because there are few estimates of thea series of maltodextrins of increasing chain length,
rate-factor for diffusive processes in the interior of aranging from maltotriose (Glc3) to maltoheptaose (Glc7) protein, where frictional effects lead to important devia-[11]. They found that kon is approximately independent tions from the prefactor usually applied to unimolecularof the chain length, indicating that association always
reactions in the gas phase, Agas  kT/h. Indeed, whileinvolves threading into the tight binding sub-sites S2–S4
Agas  6.3  1012/s at room temperature, in the presentby the first three glucosyl moieties of the sugar chain.
case, A  4.2  106 /s. For comparison, the prefactorsIn contrast, the apparent dissociation time constant
for Na and K ion translocation through the gramicidin
off  1/koff increases with chain length for sugars longer A channel have been calculated at 4.4 1011/s and 1.3than maltotriose (Table 1), in accord with the necessity
1011/s, respectively [27], much faster than the sugar asfor a longer sugar chain to undergo more register shifts
can be expected from the smaller size of the ions. Thebefore being able to escape. From this experimental
slow ratefactor of the register shift in maltoporin is likelydata, it appears that the time scale of the register shift
due to a high collisional friction between the sugar chainis on the order of 1 ms.
and the pore, resulting in slow diffusion. Free energyTo go beyond this qualitative estimate, we have de-
perturbation simulations along the present path, usingfined a kinetic model of sugar dissociation (see Experi-
molecular dynamics with explicit solvent, should makemental Procedures) that allows for the determination of
possible a direct calculation of the barrier crossing ratethe number m of rate-limiting energy barriers crossed
by accounting for this collisional friction.during one register shift and the crossing rate k over
each such barrier. This is achieved by using the kinetic
model to explore the dependence of koff on m and k for Biological Implications
maltodextrins of different lengths and searching for a
combination of m and k that optimally reproduces the The requirements for facilitated translocation of amphi-
philic linear oligomers like the maltodextrin sugarsexperimental koff values. The resulting optimal combina-
tion is m  2 and k  5/ms, for which the kinetic model across the membrane channel are fulfilled by providing
interactions on the translocation path that are comple-yields koff values that fall within the experimental range
for all maltodextrins examined in [11], as shown in Table mentary to the shape and polarity of the substrate. Hy-
drophobic interactions of the apolar sugar ring with the1. This kinetic analysis shows that values smaller or
larger than m  2 are unlikely for two reasons: (1) if m  aromatic lane are believed to be important for the initial
threading of the sugar into the pore [13]. During the1, it becomes necessary to make k smaller than 0.5/ms
to yield koff values that are in the experimental range for subsequent register shifts of the sugar chain, these non-
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solution is then obtained as WPSelec  WPS  80  WPS  1. The corre-directional interactions do not contribute to the energy
sponding terms for the unbound protein and the isolated sugar arebarriers. In contrast, the burying of the polar sugar hy-
WPelec  WP80  WP1 and WSelec  WS80  WS1. For the bindingdroxyls requires a more complex mechanism. As the
process, these terms then combine asWelecWPSelec (WPelecglucosyl moieties enter the binding site, the interactions WSelec). This yields Welec  124 kcal/mol for the minimized re-
of the sugar hydroxyls with water molecules are re- actant state and Welec  134 kcal/mol for the product conforma-
tion. Taking the average between the two conformers gives a valueplaced by H bonds with ionic protein residues (the ionic
of 129  5 kcal/mol.tracks). Then, during each register shift, these strong
The other contribution to the solvation energy, the hydrophobicand directional H bonds have to be repeatedly broken
term Wphob, is obtained from the change in the solvent-accessibleand reformed. We have shown how the placement of
surface upon binding, A  APS  (AP  AS)  1325  34 A˚2the donor and acceptor groups in maltoporin allows for (average of the values obtained for the reactant and product con-
the uninterrupted propagation of these polar interac- formers). With the commonly used value for the hydrophobic surface
tension   25 cal/A˚2 , Wphob  A 33  1 kcal/mol. Combin-tions with the hydroxyls of the sugar. The relay between
ing the electrostatic and the hydrophobic terms [31] yields theprotein/sugar and intrasugar H bonds avoids high-
change in the solvation energy upon binding, W  Welec energy barriers, in accord with the role of maltoporin
Wphob  96  6 kcal/mol.as a “translocation enzyme.” This relay mechanism is
similar to what has been observed for the translocation
Nonuniform Solvent Shielding
of ions through the gramicidin A channel [27]. The results The CPR method removes nonessential motions and optimizes the
of the present molecular kinematics simulations are con- structures along the path by energy minimization. Water molecules
sistent with the kinetic analysis of the experimental data around the protein would not behave like proper bulk solvent (i.e.,
they would freeze) and therefore cannot be included explicitly inon dissociation rates, and they show that the register
molecular kinematics simulations. To account for solvent-inducedshift can be viewed as a hindered diffusion process.
shielding of the electrostatic interactions within the protein/sugar
complex, the partial atomic charges were adjusted by nonuniform
Experimental Procedures scaling. This approach has been shown to successfully reproduce
the electrostatic interactions in presence of solvent represented by
Protein Model a high-dielectric continuum [18]. The molecules are divided into
Explicit atomic coordinates were included for the entire protein tri- small groups of charges, e.g., peptide groups or side chains, whose
mer, with maltohexaose present in one of the three channels, the charges are scaled individually. The value of the scaling factor for
other two channels being empty. The crystal structure of the malto- each group is chosen so that the Coulomb energy of interaction
porin/maltohexaose complex [12] has only three glucosyl moieties between the group and the rest of the system has the same magni-
visible, located in subsites S2, S3, and S4. In the reactant conformer, tude as the corresponding electrostatic interaction computed in
these glucosyls were labeled g2, g3, and g4 respectively. To build solution [17, 32]. The latter is obtained by solving the Poisson-
maltohexaose, glucosyls g0 and g1 were appended on the extracel- Boltzmann equation (see above), with the solvent regions assigned
lular side and glucosyl g5 on the periplasmic side, using the helical the dielectric constant of water (  80) and the space occupied by
minimum-energy conformation. The product conformation was ob- the protein/sugar complex having   1. The details of this charge
tained by shifting the sugar one glucosyl unit toward the periplasm, scaling procedure have been described previously [18]. In addition,
bringing each glucosyl gi into the position previously occupied by the presence of the membrane was represented by a slab of low
gi1. To prevent artificial interactions between the normally solvated dielectric (  1) with a thickness of 25 A˚.
sugar termini and the walls of the channel vestibules, the terminal First, scaling factors fi (i  0...5) were determined for the six
glucosyl moieties g0 and g5 had their partial charges set to zero, glucosyl moieties of maltohexaose, so as to reproduce the interac-
their hydroxyls omitted, and their glycosidic bonds harmonically tions between them. Given the vacuum Coulomb interactions energ-
restrained to the helical conformation. Fifty-six of the crystallograph- ies Vijvac between moieties i and j and the Poisson-Boltzmann interac-
ically well-defined water molecules are buried in the sugar/protein tion Visolv between moiety i and the rest of maltohexaose in the
complex and were included. Calculations were performed with the solvated complex, the six scaling factors fi were determined by
program CHARMM [28]. Version 22 of the all-hydrogen empirical solving numerically the following system of six equations.
energy function [30] was used. A shifted cutoff distance of 9 A˚ was
applied to truncate the electrostatic interactions, the van der Waals fi
j(i)
fj Vvacij  Vsolvi i,j  (0...5) (1)
interactions were switched off between 6 A˚ and 9 A˚. The present
calculations use the potential energy, which reflects the enthalpy The resulting fi are self-consistent: when used conjointly to multiplyin the condensed phase. Entropic contributions were not considered the charges of the respective glucosyls, the Coulomb interaction
in the present study because the conformational freedom of the energy between any one glucosyl i and the rest of the maltohexaose
tightly bound sugar was not expected to vary significantly during equals the corresponding solvated interaction Visolv. The charge scal-the register shift, so that the enthalpic changes associated with ing factors obtained in this way for the glucosyl moieties in the
making and breaking the strong polar sugar/protein interactions reactant (respectively product) conformation are f0  0.37 (0.29),dominate the free energy changes. f1  0.42 (0.65), f2  0.61 (0.79), f3  0.79 (0.69), f4  0.73 (0.46), and
f5  0.38 (0.30). The larger factors of the central glucosyls reflect
their increased distance from the bulk solvent (fi  1 means noDesolvation Energy
The change in the solvation free-energy upon binding of maltohex- scaling, as in absence of solvent shielding). The dependence of the
scaling factors on the conformation reflects the fact that the solventaose (S) to maltoporin (P), i.e., W for the association process
P  S → PS, was estimated as follows. First, the electrostatic com- exposure of individual glucosyl moieties is not constant along the
path. Having to use constant scaling factors is a limitation of theponent Welec was calculated using the continuum dielectric model
for water. The total electrostatic energy for the protein/sugar com- present approach. To somewhat alleviate this, each scaling factor
was set equal to the average of the values obtained for the reactantplex (WPS), for the protein alone (WP), and for the isolated sugar
(WS) was obtained by numerically solving the Poisson-Boltzmann and the product conformers.
In a second step, the scaling factors gk for each protein residueequation on a grid, once with an external dielectric   80 and once
with   1. This was done with the program UHBD [30], focusing (and the crystal water molecules) were calculated as gk  Vksolv/Vkvac,
where Vkvac and Vksolv are respectively the vacuum Coulomb and theto a final grid spacing of 0.3 A˚. The position relative to the grid of
the unbound protein and the isolated sugar were kept the same as in solvated (i.e., Poisson-Boltzmann) energy of interaction between the
maltohexaose (whose glucosyl moieties had their charges alreadythe complex, so as to cancel errors due to the grid. The electrostatic
solvation energy of bringing the complex from the gas phase into scaled by the fi) and protein residue k. Separate scaling factors were
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used for the side chain and the backbone of each residue. The approximation to be of the same magnitude. Therefore, the rates
of jumping between the “on” states are taken here to be the same,resulting scaling factors range from 0.09 to 1.0, reflecting the varying
exposure to solvent. i.e., ki, i1  ki1, i  k for all i. In that case, the kinetic model has
only two free parameters: m and k. For given values of m and k and
a given sugar length, the populations as a function of time of allPath Calculations
states in Equation 2 are described by a set of N  1 first-orderProtein residues distant more than 15 A˚ from the g2–g4 glucosyl
differential equations, which are solved analytically as previouslypositions were held fixed; the remaining protein atoms (2612 out of
described [34]. Starting from initial conditions (time  0) where allthe 19267 atoms of the trimer), the water molecules, and the sugar
“on” states are equally populated and the “off” state is empty, thewere allowed to move freely. The choice of fixed atoms was justified
time course of the “off” population yields an apparent off-rate koff,a posteriori by the fact that the contributions to the energy barriers
which can be compared to the experimental off rate.from residues farther than 10 A˚ from the g2–g4 positions are negligi-
ble. The reactant and product coordinates were energy minimized
until an energy gradient of less than 103 kcal mol1 A˚1 was reached. Acknowledgments
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